Stoichiometry of molecular complexes plays a crucial role in biology. Moreover, for quantitative fluorescence studies, it is often useful to know the number of fluorophores labeled onto the molecules studied. In this work, we propose an approach to determine the 
Introduction
For many functional units, including membrane receptors, ion channels, molecular motors and enzymatic complexes, stoichiometry of molecular complexes plays a crucial role in biology. Also, for quantitative fluorescence studies, it is often useful to know the number of fluorophores labeled onto the molecules studied. for the analyzed molecules or molecular complexes. However, to be properly translated into absolute molecular stoichiometry, the measured brightness values must be calibrated against a corresponding sample with pure monomers. In the calibration, any differences in the brightness per dye upon complex formation of the molecules to which they are labeled need to be considered. The brightness can depend not only on the experimental conditions (e.g. excitation intensity, alignment), but also on the specific fluorophore microenvironment (e.g.
viscosity, pH, ionic strength) and on presence of quenchers.
As an alternative to a CPM-based assessment, molecular stoichiometry can also be obtained from fluorescence measurements by exploiting the antibunching effect 4 . This effect states that 4 a single fluorophore unit can only emit one fluorescence photon at a time. Following photon emission, the probability to detect yet another fluorescence photon from the same fluorophore recovers from zero within a characteristic lag time, which is typically in the nanosecond time range, and which is determined by the fluorescence lifetime of the molecule 5 and the excitation rate 6 . However, if fluorescence photons from several independent emitters are analyzed, the coincidence probability at zero lag times is no longer zero, but determined from the exact number of emitters within the detection volume 7 . Based on this effect, the number of independently emitting molecules within molecular complexes on immobilized 8 as well as on freely diffusing molecules 9 can be determined.
In contrast to the molecular brightness assessments above, the anti-bunching approach offers a calibration-free determination of molecular stoichiometry. However, photostable, bright fluorophores with high count rates and/or long measurement times are needed to obtain good antibunching data. Moreover, detector after-pulsing effects and photo-physical relaxation involving photo-induced transient states of the fluorophores complicate the analysis.
Similar to fluorescence anti-bunching, fluorescence blinking caused by photo-induced triplet state formation, photo-isomerization or charge transfer can reflect the number of independent emitters present in the detection volume. Since transitions to and from these states take place on a much longer time scale, they can be properly characterized by FCS within much shorter measurement times, and detector after-pulsing effects are of lesser importance. In FCS measurements, these blinking events result in relaxation processes in the FCS curves, where for a sample with freely diffusing single emitters the relative amplitude of the relaxation processes corresponds to the average fraction of the emitters that are in the dark transient state(s) involved 10, 11 . For a sample with several independent fluorescence emitters per diffusing unit however, this amplitude will decrease in proportion to the number of 5 emitters per diffusing unit. This effect has been proposed as a measure of the length and amount of DNA labeled with intercalated dyes 12 , and can be used as a control of the extent of fluorophore labeling onto biomolecules 13 Figure 1A . 15 . The model includes a combined singlet state for the trans (N) and cis-isomer (P) and the triplet state T. , and denote the effective rates for intersystem crossing, isomerization rate and back-isomerization (see main text for further details).
In the model, and for the excitation intensities applied in this study, excitation into higher excited singlet and triplet states can be neglected. Further, equilibration between / , and / , can be expected to occur within ns, i.e. on a time scale much faster than the transitions to and from the triplet state or the isomerization processes (µs−ms). The electronic state model of Figure 1A can then be simplified into that of Figure 1B , by assuming combined singlet states for the trans and photo-isomerized cis state, and , the triplet state T, and with the following effective rates of intersystem crossing, isomerization and backisomerization:
Applying the model of Figure 1B to 
Here, ω 1 and ω 2 are the distances from the center of the laser beam focus in the radial and axial direction respectively at which the collected fluorescence intensity has dropped by a factor of 1/e 2 compared to its peak value. Since the transitions of Figure 1B can be assumed to take place on a considerably faster time scale than translational diffusion, and not to influence the diffusion properties of the fluorescent molecules, the fluctuations in fluorescence generated by the transitions given in Figure 1 , denoted by δF fast , can be treated separately from those due to translational diffusion, denoted by δF D 11,17 :
Here, < > brackets denote time average, and G fast () signifies the part of the correlation function originating from the photophysically generated fluctuations in fluorescence, governed by the model of Figure 1B . The full correlation function, using
, can then be expressed 15, 18 :
, where the components of the eigenvectors and the eigenvalues all are functions of the rate parameters in the schedule of Figure 1B (see supplementary material), and where
From the FCS experiments, the brightness of freely diffusing units (CPM) can be determined
For the case the fluorescent molecules contain N F fluorophores, which are undergoing transcis isomerization and transitions to and from the triplet state independently of each other, the relative amplitude of the relaxation terms in
will be diminished by a factor of f N , with the relative amplitudes A 1 and A 2 in the full correlation curve of Eq. 5 then given by:
Transient State (TRAST) spectroscopy. In TRAST spectroscopy, the average fluorescence intensity from a sample subject to an excitation pulse train is recorded. We applied a square-wave excitation pulse train in the same setup as used for the FCS measurements, with n pulses of duration w and period T P . Following Eq. 2, the detected time-
, can then be expressed as 14 :
Here n·T P is the total duration of the excitation pulse train. The term ) , ( yields the average fluorescence intensity within the excitation pulse:
For low η (≤ 1%), we can assume that only state N in Figure 1B is populated at onset of excitation (t = 0), and we define the normalized
as:
This corresponds to normalizing to Eq. 9, using the transient state relaxation model derived from Figure 1B 
Results and Discussion
In essence, from the theory part we can conclude that for TRAST measurements, in contrast to FCS measurements, the amplitude(s) of the transient state relaxation term(s) shall not be For the other two decay terms (with 8 µs and 50 µs relaxation times), we could observe an dependence characteristic for triplet state formation (increased amplitudes and moderately reduced relaxation times with higher ) and trans-cis isomerization (small changes in the amplitudes and the relaxation times inversely proportional to ), respectively, as described by the relaxation terms A 2 and A 3 in Eq. 5. Since we are in this study mainly interested in the total amplitude of these transient state decay terms, and since the interpretation of the relaxation times and amplitudes of these terms are complicated by the fact that they are coupled in the kinetic model of Figure 1B , we did not determine the underlying rate parameter values any further. We note that the recorded FCS curves could be fitted to Eq. 14, with an added exponential term in the fast time range attributed to rotational diffusion, that the amplitudes, A 2 and A 3 , most likely correspond to T and P under our experimental conditions, and we hereinafter focus on their sum, referred to as the transient state relaxation amplitude, A FCS .
With increasing YOYO/dsDNA, the amplitudes of the transient state decay terms were clearly reduced. In the FCS curves recorded from the higher YOYO/dsDNA samples the small amplitudes made it difficult to resolve the triplet and isomerization state decay terms from each other. These FCS curves were therefore analyzed with the two exponential terms of A 2 and A 3 in Eq. 5 combined into a common term. The dependence of A FCS with increasing concentrations of YOYO is shown in the inset Figure 2A .
In direct conjunction to the recording of the FCS curves, TRAST measurements were performed, on the same samples and with the same setup, by applying excitation modulation with varying w (Fig. 2B) . The recorded TRAST curves showed an overall decay, with decay times well in agreement with those of A FCS in the FCS curves, and for the highest YOYO/dsDNA samples, a faster decay could also be observed. In contrast to the FCS measurements, the overall decay amplitude in the TRAST curves showed no significant concentration dependence (inset, Fig. 2B) , and was for all YOYO/dsDNA samples found to correspond well to that of A FCS for FCS curves recorded from the lowest YOYO/dsDNA sample. Taken together, the observed decay in the TRAST curves agrees with the predicted behavior, and the decay amplitude can be attributed to photo-isomerization and triplet state formation, corresponding to A 2 and A 3 in Eq. 5. For w > 400 ns, no additional decay term was observed in the TRAST curves. This is well in line with the assignment of the fast decay term in the FCS curves to rotational diffusion, which is not a photo-induced process and is thus not expected to be observed in the TRAST curves.
The clear decay of A FCS with higher YOYO/dsDNA, put in relation to the essentially constant decay amplitudes The numbers of YOYO/dsDNA in the investigated samples, as obtained from Eq. 14, were then compared to the number of YOYO/DNA, as calculated by Eq. 13 from TRAST/FCS, N f (Fig. 3) . For a sample with a single YOYO/dsDNA, the amplitudes for the triplet and isomerization state decays, as obtained from TRAST and FCS measurements, were identical, For the same reason, a strong non-uniform distribution of YOYO dyes among the dsDNA molecules could also influence the determined average dark state amplitudes. In FCS, the (F Nm ) 2 -weighting would lead to a decrease in the amplitude A FCS in a non-uniform, labeled sample compared to in a homogenously labeled sample, while TRAST would detect the same decay amplitude for both samples. As a result, the estimated N f would increase.
Inhomogeneous labeling of DNA with YOYO has been observed before, and could then be circumvented by incubation of the sample for 2 hours at 50 ºC 26 . However, upon such incubation, we did not observe changes in N f (Fig. 3) , and any major effects due to inhomogeneous labeling in our experiments are therefore unlikely. between the monomer SYTOX green and the homo-dimer YOYO was detected.
Concluding remarks
We propose a methodology to measure molecular stoichiometry and the number of fluorophore labels on biomolecules that offer clear selective advantages compared to previously introduced fluorescence-based approaches. While the major concern with our approach is dye-dye interactions that may lead to coupled blinking behavior of the fluorophores, it is for fluorescence brightness measurements, e.g. FIDA/PCH/CPM, crucial to avoid any differences in the environment that in any way can change their photo-physical properties and hence their brightness, both in the sample itself and in the reference sample..
Our approach does not need to compare the dark state of the sample with a known reference.
It rather uses two methods consecutively, on the same sample, and on the same setup, exploiting the main difference between the methods, that FCS measures the spontaneous transient state blinking, while TRAST measures the blinking properties with the blinking of the fluorophores being full synchronized. In contrast to fluorescence anti-bunching experiments, the relaxation times of the transient states studied with our approach are much longer, thus far lower time resolution is required, and considerably shorter measurement times are typically required. In this study, the TRAST curves were generated from pulse train excitation measurements with 35 different pulse widths, , applied, and typically requiring 2-8 min measurement time. However, for determining the decay amplitude of the TRAST curves, (Eq. 11), as few as two measurements with different are sufficient.
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The required measurement time for the TRAST measurements in order to determine can therefore be made well within a minute. Here, we used the triplet state and isomerization to determine the number of fluorophores/molecule. However, in principle any non-fluorescent photo-induced state of a fluorophore (e.g. triplet state, isomerization, ionization) can be used.
By combining multiple dark states, the resolution, which is proportional to the total dark state population, can be improved, and since the vast majority of all fluorophores display photo- 1
Supplementary Material
Electronic state model. YOYO can be described by an electronic state system consisting of the ground and first excited singlet state of the fluorescent trans ( and ) and nonfluorescent cis-isomer ( and ), as well as the first excited triplet state, (Fig. 1A) .
Equilibration between / , and respectively / , occurs within ns, much faster than the triplet state transitions or the isomerization (µs). Therefore, the electronic state model can be simplified to the model of Fig 1B. For a fluorophore, whose electronic state transitions can described by the model in Fig 1B, the probability of being in one state can be expressed by a set of linear differential equations.
(S1)
At the onset of each new pulse, all molecules are assumed to be completely relaxed to the ground state.
(S2)
The corresponding eigenvalues of Eq. 1 are The solution for the averaged combined singlet state is given by For sufficiently small irradiances, the emitted fluorescence is directly proportional to the population of the excited singlet state of the trans isomer and the fluorescence quantum yield :
The normalized, average fluorescence of an excitation pulse of length is obtained by integration of Eq. S6.
(S

7)
where corresponds to the average detected fluorescence count rate in the absence of any dark states.
(S8)
comprises the detection efficiency , the average fluorophore concentration and the excitation volume . Here, we are only interested in relative changes of the dark states.
Therefore, is normalized to unity for pulse width shorter than the triplet state relaxation time .
The amplitude of both dark states is obtained by fitting the experimental data with Eq. S7.
The obtained parameters are then used to compute , where all dark states are assumed to be completely build up. The amplitude of P T  is then given by . The amplitude of the triplet state is calculated by setting , and recalculating and .
